During recent seismic events (2016 in central Italy, 2014, masonry structures have shown their vulnerability to in plane actions. A lot of retrofitting solutions are today available to increase the in-plane resistance of existing masonry walls. The seismic strengthening technique presented in this chapter is a retrofitting system for masonry buildings developed over 10 years at the Karlsruhe Institute of Technology (KIT) in Germany, Institute of Reinforced Concrete and Building Materials (Germany). It consists of a multiaxial hybrid fibre grid embedded in an inorganic natural hydraulic lime (NHL) mortar. Due to its composition, it is perfect compatible with the masonry substrate and applicable for indoor as well as outdoor applications. Moreover, it improves the local and the overall structural capacity of a masonry building with minimum mass increase. The intensive experimental campaign carried out on this strengthening system at the Karlsruhe Institute of Technology (KIT) and its results are presented and discussed in this chapter.
Introduction
During an earthquake, horizontal and vertical forces simultaneously act on masonry structures. Various types of failure can occur, depending on the slenderness ratio h/b of the masonry panel (h is the height and b is length) as well as the relationship between the horizontal and vertical loads. The principal in-plane failure mechanisms of masonry walls without reinforcement subjected to gravity loads and seismic actions are [1] as follows:
• Flexural failure: this is typical in slender panels, in which the bending is predominant and the shear plays a minor role. Under cyclic loads, the rocking mechanism occurs and some bed joints of the corner in tension crack. In fact, the compressed corner of the wall crushes, and the deformations are large in relation to the load that can be absorbed.
• Diagonal shear cracking: it is characterized by inclined diagonal cracks through the mortar joints and/or through the bricks. It depends on the strength of the mortar, brick-mortar interface and tensile strength of the brick units.
• Shear sliding: this failure mode depends on the friction angle μ and the cohesion of the bed joints. It is possible for squat walls with low levels of vertical load. The typical cracking pattern is influenced by tensile horizontal cracks in the bed joints.
Seismic actions can induce severe damages in unreinforced masonry structures up to the point of complete collapse. The shear and bending strengthening of load-bearing walls is necessary to retrofit existing structures and to prevent the damage on new constructed buildings.
Fibre grids embedded in inorganic mortar matrix are today a relatively new strengthening technique, in which the fibres carry the tensile stresses while the matrix, encapsulating and protecting these, transfers the seismic actions from the masonry substrate to the fibres. The main advantages of this technique are the high compatibility with the support, the capability to produce thin and light weight elements with minimum mass increase, no concrete cover requirement against corrosion and the possible reversibility of the intervention.
The aim of this chapter is to give an overview on the performance of the EQ-Grid system ( Figure 1 ) that was developed over 10 years at the Karlsruhe Institute of Technology (KIT) in Germany. It is a mortar embedded multiaxial hybrid fibre grid system suitable for the strengthening of load-bearing masonry walls. The textile component is a hybrid multiaxial grid made of alkali resistant (AR) glass and high elastic synthetic (polypropylene) fibres. 
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The matrix is a natural hydraulic lime mortar (NHL) and it is suitable for indoor as well as outdoor applications. Its composition is very important and crucial for the performance of the composite system. In fact, the used mortar is non-shrinkable, workable and easy to apply with a trowel and to penetrate the grid mesh openings, as well as viscous to roll out on vertical surfaces. Moreover, masonry elements are often subjected to continued exposure to moisture migrating through the wall thickness and, contrary to the organic matrices (for example epoxy resin) that act as thermohygrometric barriers, the inorganic mortar matrix cannot cause any damage. In fact, this latter is characterized by porosity and vapour permeability that are very compatible with the support. This aspect is important, since the moisture remained trapped within the wall can lead to debonding of the strengthening material.
To identify the mechanical properties of the composite system EQ-grid and its effectiveness through medium/large scale laboratory investigations, deep knowledge through standardized testing methodologies needs to be gained. Therefore, an intensive experimental campaign was performed at the Karlsruhe Institute of Technology in Germany and its results are presented and discussed in the following section.
Experimental campaign

Tensile tests
An important parameter for designing a structural reinforcement is the definition of its tensile load-bearing capacity. For this reason, 15 tensile tests were carried out on composite specimens according to the Annex A of the American standard AC434 [2] . The mechanical properties of the multiaxial textile and of the matrix are summarized in Tables 1 and 2 .
The stages of preparation of the samples are the following: (1) 3 mm layer of matrix is rolled out on a wood formwork; (2) grid strips are embedded in the still fresh layer for a length of 460 mm; and (3) covering the still fresh area with a second 5 mm layer of the same mixture (wet on wet application). The total thickness h s of the samples is about 8 mm. The samples are conditioned for 28 days in laboratory climate room for the maturation of the inorganic matrix (25°C, 55% humidity). All the phases of preparation of the specimens are illustrated in Figure 2 . In the testing setup, a clevis-type gripping mechanism was adopted (Figure 3) , as suggested by Annex A of American standard AC434 [2] . In this way, the testing machine transfers the load to the specimen by adhesion, allowing deriving the response curve of the composite system with the influence of the bond between textile and matrix on the tensile strength of the system. The tests were carried out monotonically under displacement control with a constant rate of 0.5 mm/min at ambient laboratory conditions, using a MTS electrohydraulic universal testing machine equipped with an MTS 100 kN load cell.
The tensile load and the vertical displacement of the machine and of the two LDTV were recorded. The results of the performed tensile tests are presented in terms of stress-strain curves in each main direction of the textile component (Figure 4) . The stresses are calculated as the ratio between the measured force and the cross-sectional area of the dry textile. Since the multiaxial grid is hybrid and consists of two materials (AR glass and polypropylene) with very different mechanical properties, it is necessary to homogenize the cross-sectional area of Experimental setup for direct tensile tests on EQ-grid system specimens [3] . Table 2 . Mechanical properties of the mortar matrix of the EQ-grid system.
Compressive strength
Earthquakes -Forecast, Prognosis and Earthquake Resistant Constructionthe textile in its three directions. In this case, the homogenization is done with respect to the AR glass fibre and the equivalent cross-sectional area A eq is so defined for each direction as follows:
where A glass and A pp are respectively the cross-sectional area of the AR glass and polypropylene fibres, n is the homogenization factor. This latter is evaluated as the ratio between the elastic modulus of the polypropylene fibre and the elastic modulus of the glass fibre. Therefore, the tensile stresses σ are so calculated:
where F is the measured tensile force and A eq is the equivalent cross-sectional area. Moreover, it is easy to recognize the uncracked phase in each curve of Figure 4 , in which the tensile behaviour of the system is mainly governed by the mechanical properties of the matrix. The stress in the matrix at the first cracking load can be so evaluated as: where F cr is the value of the measured force corresponding to the first crack, b and t are respectively the width and the thickness of the samples. The average matrix cracking stress σ cr,matrix obtained in all the three directions of the grid is shown in Table 3 .
After reaching the tensile strength of the matrix, cracks develop and the load is gradually transferred to the textile. Furthermore, the cracking and cracked stages cannot be clearly identified in all the response curves. The average number of cracks in the vertical direction is 2.75 and the distance between these is about 12.8 cm. In the horizontal direction, four cracks with an average distance of 8.2 cm approximately formed, while three cracks with an average distance of 13.6 cm formed in the diagonal direction. The higher number of cracks in the horizontal direction is due to the better bond between fibres and matrix [3] . In fact, the AR glass fibres in this direction cannot be uniformly bundled by the production process. However, this manufacturing inaccuracy has a positive impact on the system's load bearing capacity. The mortar can better encapsulate the individual horizontal fibres and provides increased force against the sliding of the fibres from the matrix. This improved bond in the horizontal direction is also confirmed by the fact that in two samples some fibres have broken after reaching the maximum tensile force. This is also easily recognizable in Figure 4b , in which two curves show a strength drop after the peak stress.
In Table 4 , the average values of the first cracking stress σ crm and of the maximum stress σ um referred to the homogenized cross-section of the dry textile are reported. The corresponding strains are named ε crm and ε um .
It is worth pointing out that the tensile stresses in the diagonal direction are much higher than the ones in the other directions. The reason is to be found in the low AR glass fibres reinforcement ratio of the system in this direction, since the cross-section of the grid is homogenized with respect to the AR glass. Moreover, the diagonal maximum stress σ um is also higher than the one of the dry textile and this is due to the interlocking effect of the fibres in the other directions with the mortar, since the aperture size of the mesh in this direction is greater. Furthermore, a proposal of the characteristic values of the mechanical properties is given in Table 5 . These are estimated according [4] to a confidence level equal to 0.75, in order to take into account statistical uncertainty and considering the 95% fractile. The characteristic values are calculated under the assumption of normal distribution as the difference between the average and 2.33 times the standard deviation.
This evaluation should be considered as a proposal because of the small number of tested samples (five for each main direction of the system) and it should represent only a starting point for the definition of the characteristic values of this strengthening system. Table 3 . Matrix cracking stress.
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Cyclic lateral shear tests
Test setup
Eight cyclic lateral shear tests were performed at the Karlsruhe Institute of Technology in the frame of the European research project "MULTITEXCO -High Performance Smart Multifunctional Technical Textiles for the Construction Sector" [5] . The aim of this type of tests is to evaluate the in-plane strength of the walls and the basic parameters of the behaviour under seismic actions, such as the capacity displacement, when the masonry is in original condition and after the external application of the composite material. No special standard exists about this type of test. There is only a guideline of the RILEM technical committee [6] .
Two types of masonry units were used: hollow clay and calcium-silicate bricks ( and an average flexural tensile strength of 0.58 N/mm 2 according [7] .
The tested walls have dimensions of 125 × 125 × 24 cm, for a total of 10 courses of bricks ( Figure 5 ). In this way were made two specimens not reinforced, two samples reinforced only on one side and two samples reinforced on both sides ( Table 6 ). The dimensions of all the specimens represent a typical storey-high wall scaled 1:2 in length but not in thickness.
The strengthened samples are prepared as follows: (1) on the masonry; (2) in the fresh layer the fabric was embedded with the aid of a steel trowel and (3) the still fresh matrix was covered with a second 5 mm layer of the same mixture (wet on wet application). The total thickness of the finished applied reinforcement is about 8 mm.
The adopted setup test, Figure 6 , is constituted by a steel frame equipped with two hydraulic actuators, one vertical of 500 kN and relative load cell 500 kN and one horizontal of 1000 kN and relative load cell 1000 kN. The duration of each sinusoidal cycle is 120 s, so in this way a strain-dependent and velocitydependent cracking mechanism is not considered [9] . The vertical load is kept constant during the test and it is equal to 120 kN, which corresponds to a compressive stress applied on the top of the wall equal to 0.4 N/mm 2 . In Table 6 , all the tested samples are summarized.
Interpretation of the experimental results of the cyclic shear tests
The in-plane response of unstrengthened masonry walls subjected to cyclic lateral shear tests is generally interpreted idealizing the cyclic envelope of the hysteresis loops with a bilinear force-displacement curve [10] (Figure 7) .
The procedure for the evaluation of this latter is well known in the literature but it is not applicable in case of walls retrofitted with the multiaxial system EQ-grid. In fact, it does not consider Table 7 . Classification of damage for masonry buildings under earthquake load [11] .
that the strengthened panel has a better crack pattern with higher displacement capacity after the attainment of the maximum lateral shear force. Compared to the unstrengthened walls, the specimens reinforced with EQ-grid have shown a lower level of damage after the peak with also higher values of lateral shear force. Therefore, each cyclic envelope is idealized with a multilinear curve. In this way, a more detailed equivalent response can be obtained and the greater dissipation of energy is taken into account.
In the literature, five damage degrees ( Table 7) are defined for masonry buildings under earthquake load [11] , three of which are used in this chapter for the evaluation of the multilinear curves: the grades 2, 3 and 4 that correspond respectively to a sligth, moderate and heavy structural damage ( Table 7) .
Taking into account this phenomenological approach, force-displacement relationships with progressive conventional strength drop in correspondence of assigned displacement values are calculated for the walls strengthened with EQ-grid (Figure 7) . The horizontal displacements δ u 0.8 , δ u 0.6 and δ u 0.3 are chosen and they correspond to a residual lateral strength equal respectively to 80, 60 and 30% of the maximum force on the envelope curve (0.8 V max , 0.6 V max and 0.3 V max in the Figure 7) . The reason for this choice is always a consequence of the experimental observations. In fact, during the tests it was observed that the reinforced walls had only a slight damage (grade 2) at the displacement δ u 0.8 or even no structural failure (grade 1). Furthermore, in correspondence with the displacement δ u 0.6 , the strengthened specimens were still slightly or moderately cracked and they achieved practically the same level of damage reached by the unreinforced samples at δ u 0.8 . Finally, at the displacement δ u 0.3 most of the reinforced panels were still moderately damaged and only two walls presented a heavy damage. 
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Moreover, in order to define the inclination of the elastic line of the equivalent curves, the secant stiffness k e (Figure 7) is determined. This is calculated between zero and the 70% of the maximum shear force V max , since the walls are generally not cracked in this range of values and the behaviour can be approximated linear elastic. The ultimate displacement δ u 0.8 is identified on the envelope curve at a residual lateral strength equal to 80% of the maximum force (0.8 V max in the Figure 7) . Ensuring that the dissipated energy of the experimental and the equivalent curve remains the same, the ultimate shear force V u 0.8 (Eq. (6)) is calculated through the equivalence of the areas below the cyclic envelope A env. (Eq. (4)) and below the bilinear curve A bil. (Eq. (5)) [10] .
As already mentioned, for the walls strengthened with EQ-grid, the ultimate displacements δ u 0.6 and δ u 0.3 are evaluated on the envelope at a residual lateral strength equal to 60 and 30% respectively of the maximum force (0.6 V max and 0.3 V max in the Figure 7) . In order to find the ultimate shear forces V u 0.8 , V u 0.6 and V u 0.3 , the area below the multilinear curve is divided into three parts (Figure 8 ): A mult.1 (Eq. (7)), A mult.2 (Eq. (8)) and A mult.3 (Eq. (9)). where h is the height of the specimen and δ e is the elastic limit displacement:
Since each applied displacement is repeated three times during the tests, three envelope curves are calculated. For this reason, six equivalent curves are defined for each specimen (three for the positive and three for negative cycles). In order to obtain only one equivalent curve, the average values of the ultimate lateral shear forces V u 0. 
Experimental results of the hollow clay brick masonry walls
The type of failure that has occurred in all the walls in hollow brick is the diagonal shear cracking, since all the specimens are squat with a slenderness ratio h/b = 1. The unstrengthened wall showed a very brittle behaviour after the attainment of the maximum force with cracks mainly through the bricks (Figure 9 ). In fact, after the peak, the hysteresis curve is characterized by a sudden strength degradation with residual force value of about 26 kN in the last displacement cycle. The equivalent bilinear curve is represented in Figure 9 , in which the drift values d e = 0.37% and d u 0.8 = 0.54% are achieved. It is worth pointing out that this latter is higher than the ultimate interstorey drift adopted from the Eurocode 8 for
Earthquakes -Forecast, Prognosis and Earthquake Resistant Constructionthe life safety in case of in-plane shear failure (0.4%) [12] . Furthermore, the crack pattern at the drift 0.54% is also shown in Figure 9 , in which it is easy to recognize the diagonal cracks mainly through the bricks, and the specimen can be considered in this case slightly damaged (grade 2).
The wall reinforced on one side (Figure 10 ) has shown a similar behaviour in terms of maximum lateral force but the post-peak residual strength and displacement capacity are higher than the ones of the unreinforced wall. This is due to the greater post-peak dissipation of energy of the strengthened specimen, since no delamination occurred and the adhesion of the mortar matrix to the masonry substrate revealed to be very strong. This is also confirmed by the cracking pattern. In fact, the reinforced sample is not cracked (grade 1) at the ultimate drift d u 0.8 = 0.52% (Figure 10 ) while the unstrengthened wall was already damaged (grade 2) at practically the same level of drift (d u 0.8 = 0.54% for this latter). Only in correspondence with the drift of 0.60% a slight cracking occurred (grade 2) and finally atd u 0.3 = 0.78% the wall was moderately damaged with cracks mainly through the bricks and spalling of the brick at the centre of the wall (Figure 10) .
Moreover, the two walls reinforced on both sides had a very good performance in terms of load and displacement capacity. The equivalent multilinear curves are shown in Figure 11 .
Compared to the unreinforced sample, the ultimate shear force V u 0.8 increases by 33% for the HC_S2_1 specimen and by 43% for the HC_S2_2 panel. The ultimate drift d u 0.8 increases by about 60% for the HC_S2_1 wall and by 77% for the HC_S2_1 sample. At these drift values, both walls show the same level of damage (grade 2) with thin diagonal cracks in the matrix of the reinforcement system. In correspondence with the drift d u 0.6 , the first specimen still presented a slight damage (grade 2) while the second wall was already moderately damaged (grade 3). The reason is to be found in the different drift values. In fact, the first one reached 0.93% and the second one 1.09%. It is worth noting out that 0.93% corresponds practically to almost the same value of d u 0.8 of the second wall (d u 0.8 = 0.96% for HC_S2_2, Figure 11) . Moreover, the first specimen had moderate damage (grade 3) at the drift d u 0.3 , while the second one achieved a higher level of damage (grade 4). In fact, the value of d u 0.3 reached by this latter is higher and it is equal to 1.47%, while that of the first wall is 1.20%. In both samples, no delamination of the reinforcing system was observed and only local detachments of the outer layer of mortar at the centre of the panels occurred. Furthermore, sub-vertical cracks along the thickness of the wall were evident after failure. This was due to the stress concentration caused by the bending moment at the top and bottom of the wall. In fact, the sub-vertical cracks indicate the achievement of the compressive strength of the masonry. In Table 8 are summarized all the values of the equivalent curves for the specimens in hollow clay brick with indication of the level of damage.
Calcium-silicate brick masonry walls
As already mentioned for the hollow brick samples, also the calcium-silicate walls failed with diagonal cracks from corner to corner, since the specimens have all the same dimensions (125 × 125 × 24 cm with the slenderness ratio h/b = 1) and the vertical applied load is the same.
The unreinforced wall collapsed by shear cracking with the development of diagonal cracks through the mortar joints and inclined cracks in the units at the centre and the compressed toes of the wall (Figure 12 ). The cracking began at the attainment of the maximum force, after that a sudden strength degradation occurred. The equivalent bilinear curve is shown in Figure 12 in which the drift values d e = 0.29% and d u 0.8 = 0.51% are reached. As for the specimen in hollow brick, also in this case the ultimate drift d u 0.8 is higher than the one adopted from the Eurocode 8 [12] . The cracking pattern of the sample at the drift 0.51% is also shown in Figure 12 , in which it is easy to recognize that the wall is moderately damaged (grade 3).
The specimen reinforced on one side ( Figure 13 ) attained a greater value of maximum force and has shown a higher displacement capacity compared to the unreinforced sample. In fact, the ultimate shear V u 0.8 and drift d u 0.8 increase respectively by 44 and 21%. This is due to the presence of the EQ-grid system, which brings a structural improvement to the panel. In fact, more the mechanical characteristics of the masonry are poor, greater will be the effect of the reinforcement system. According to the Eurocode 6 and the German national annex [13] , the calcium-silicate walls have a characteristic compressive strength f k equal to 3.70 N/mm 2 . This is also confirmed by the fact that, despite the same geometry and the same 
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applied vertical load, the ultimate lateral shear force V u 0.8 is higher for the unstrengthened specimen in hollow brick. In fact, this latter is equal to 178.35 kN, and it is close to the value of V u 0.8 reached by the calcium-silicate wall reinforced only on one side. The cracking pattern and the equivalent multilinear curve of the sample CS_S1 are represented in Figure 13 . At the ultimate drift d u 0.8 = 0.62% the wall is slightly damaged (grade 2), while in correspondence with the drift 0.86% a moderate damage occurred (grade 3). At the ultimate value d u 0.3 = 1.22% the wall was heavily damaged (grade 4) with a crack width greater than 1 cm. The two walls in calcium-silicate brick strengthened on both sides CS_S2_1 and CS_S2_2 have shown a high increase in the load and displacement capacity. In Figure 14 , the equivalent multilinear curves are reported.
The ultimate shear force V u 0.8 increases by 85% for the CS_S2_1 specimen and by 74% for the CS_S2_2 panel compared to the unreinforced sample. The ultimate drift d u 0.8 is 100% higher for the CS_S2_1 wall and 56% higher for the CS_S2_2 sample. Moreover, both walls are slightly damaged (grade 2) at the drift d u 0.8 with thin diagonal cracks from corner to corner in the matrix of the reinforcement system. In correspondence with the drift d u 0.6 = 1.18% the first wall had a moderate damage (grade 3), while the second one was still slightly damaged. The reason for this difference is to be found in the drift values, since the specimen CS_S2_2
reached a lower value of d u 0.6 (0.89%). Finally, at the ultimate drift d u 0.3 both samples were still moderately damaged (grade 3). As for the specimens in hollow brick, also for the walls in calcium-silicate, no delamination of the strengthening system was observed and only local detachments of the outer layer of the mortar matrix after the failure occurred. In Table 9 , all the values of the equivalent curves with indication of the damage level are summarized.
Conclusions
The EQ-grid system is a multiaxial hybrid fibre mesh that consists of alkali resistant (AR) glass as well as high elastic synthetic fibres and it is embedded in inorganic mortar matrix (NHL mortar). This system has been developed at the Karlsruhe Institute of Technology (KIT) in Germany and it is suitable for the strengthening of load-bearing masonry walls under earthquake loads. It has many advantages such as the support compatibility, transpirability, reversibility, time and cost of installation. For these reasons, it is also applicable to the masonry cultural heritage.
After a short description of the constituent materials (textile and mortar matrix), the results of an intensive experimental campaign performed at the Karlsruhe Institute of Technology (KIT) have been presented and discussed. For the characterization of the tensile behaviour of the system, 15 direct tensile tests were carried out on composite specimens. Moreover, eight cyclic later shear tests were performed in order to evaluate the effectiveness of the system applied to masonry walls. In fact, seismic loads have a cyclic and alternating behaviour and the relationship between the displacement between the top and bottom of the wall and the resulting seismic shear force is generally drawn through force-displacement curves. Therefore, the experimental results were interpreted idealizing the envelope of the hysteresis loops with equivalent force-horizontal displacement curves. For the unreinforced specimens, bilinear elasto-plastic curves were evaluated, while for the strengthened walls, equivalent multilinear curves were defined according to the experimental observations and considering three different level of damage after [11] . Moreover, the displacement capacity of a masonry wall is generally defined in terms of drift. This latter is obtained by dividing the lateral displacement between the top and bottom of the panel by the height of the wall. Furthermore, three limit values of horizontal drifts for the samples reinforced with EQ-grid were chosen: d u 0.8 , d u 0.6 and d u 0.3 . They were so defined that they correspond to a residual lateral strength equal to 80, 60 and 30% respectively of the maximum force on the envelope curve. All the tested specimens failed with formation of diagonal shear cracks from corner to corner of the walls. The unreinforced masonry exhibit a brittle behaviour with a strength drop after the attainment of the maximum lateral force, while the reinforced walls show a greater post-peak dissipation of energy with higher displacement capacity. Moreover, the failure of the masonry strengthened with EQ-grid is far from the typical failure modes of masonry panels reinforced with the traditional fibre-reinforced plastics (FRPs). In fact, in the experimental campaign there was no adhesive or cohesive debonding of the reinforcing system, which are generally decisive for the performance of the reinforced element under seismic actions. Finally, the presence of the EQ-grid system prevents the disaggregation of the masonry walls that is the most important cause of collapse in masonry structures.
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